ABSTRACT This paper reports on multi-band bandpass and bandstop RF filtering four-port couplers with programmable bands in terms of center frequency and number of passbands/stopbands. They are based on four multi-resonant bandpass/bandstop-type modules that are inter-coupled by means of 90 • /270 • -long transmission lines. Each multi-resonant module is shaped by K in-parallel-cascaded resonators through impedance inverters. The center frequency of each band is controlled by the resonant frequency of each resonator and its bandwidth by the interconnecting impedance inverter. The proposed multi-band coupler with co-integrated spectrally adaptive filtering capability can be designed for symmetrically and asymmetrically located bands, passbands/stopbands with equal or unequal bandwidths, output signals with 0 • or 180 • phase difference, and equal or unequal power-division ratios at its output ports. For practical-validation purposes, microstrip prototypes of reconfigurable dual-band bandpass and bandstop filtering couplers have been designed, manufactured, and measured. They exhibit two bands that can be independently tuned in frequency and additionally merged to create a wider band within the frequency range between 1.3 and 1.8 GHz.
I. INTRODUCTION
Recent trends towards multi-functional and multi-standard RF front-ends for modern remote-sensing and wirelesscommunications systems (e.g., 5G) are increasingly calling for adaptive RF hardware as well as for devices with collocated RF analog-signal-processing capabilities. Advantages of the multi-functional approach when compared to conventional in-series cascades of mono-functional blocks are lower size/volume and reduced loss due to the lack of inter-block RF matching stages, as well as optimized RF performance due to the RF co-design. Representative examples of this trend, among some others, include: i) frequency-and bandwidth-tunable RF filters (bandpass and bandstop-type), ii) power-distribution circuits with combined RF filtering capabilities, and iii) multi-band filtering matching networks [1] - [9] . Whereas a fairly-large number of tunable filter designs (e.g., [10] - [13] ) and multi-band or reconfigurable couplers (e.g., [14] - [19] ) have been presented in the open technical literature, the realization of RF components with co-integrated RF filtering and power-division capabilities has not been extensively discussed. The majority of the previously-presented frequency-selective powerdistribution devices are two-way Wilkinson bandpass-type filtering power dividers that feature one-to-four static passbands [1] - [5] . They are realized by embedding coupled resonators (e.g., [1] - [3] ) and transversal signal-interference filtering stages (e.g., [4] and [5] ) into the power-divider arms.
Recent research efforts in this area are focusing on adding reconfiguration capabilities by incorporating tunable reactive elements in the resonators and/or coupling elements of the filtering stages. This mostly results in center-frequency tuning [6] with the exception of the bandpass-type filtering power divider in [8] that also exhibits tunable bandwidth. Furthermore, it can be reconfigured to an all-stop response with controllable stopband bandwidth and isolation. However, none of the aforementioned designs can be: i) scaled to a larger number of bands without sacrificing volume or circuit complexity, ii) extended to the realization of multi-band bandstop-type transfer functions, or iii) designed for arbitrary power-division ratios.
This paper aims to present the RF design and practical validation of four-port couplers with incorporated adaptive multi-band bandpass/bandstop RF filtering capabilities. The proposed RF couplers are based on multi-resonant bandpass-and bandstop-type modules that are inter-coupled by means of 90 • /270 • -long transmission lines. The devised coupler designs can be scaled to theoretically-arbitrary number of bands that can be independently tuned in frequency and spectrally merged to produce wider bands. In addition, they allow for arbitrary power-division ratios in their passband regions to be obtained. Furthermore, they enable symmetrically-and asymmetrically-allocated passbands/stopbands with equal or unequal bandwidth and in-phase/out-of-phase output signals to be synthesized.
The content of this manuscript is organized as follows. In Section II, the multi-band bandpass/bandstop-type filtering coupler concept is introduced, and its major design principles are presented through various ideally-synthesized transferfunction examples. In Section III, the engineered approach is validated through the manufacturing and testing of two experimental prototypes. Finally, a summary and the main concluding remarks of this work are provided in Section IV.
II. THEORETICAL FOUNDATIONS
The block diagram of the four-port RF filtering coupler that exhibits dynamically-controlled bands is illustrated in Fig. 1 . It is based on four multi-resonant modules R that 
The resonators are implemented as parallel LC circuits with C=2 pF.
impedance-for an equal power-division ratio at ports 2 and 3-i.e., |S 21 | = |S 31 | = 3 dB and isolated port 4. The coupling signs in black result in in-phase output signals (i.e., 0 • difference) whereas the ones in red in out-of-phase ones (i.e., 180 • difference). For unequal power-division ratios, the Z C1 and Z C2 values are selected from (1) where k 2 is the output power ratio [20] .
To illustrate the operational principles of the devised multi-band bandpass/bandstop filtering hybrid coupler, the ideally-synthesized responses of bandpass-and bandstoptype examples are plotted in Figs. 3-5. They have been obtained by respectively connecting through four impedance VOLUME 6, 2018 R inverters (Z C1 , Z C2 ) the four building multi-band bandpass/ bandstop modules that are shown in Fig. 1 . In particular, Fig. 3(a) shows the magnitude of the S-parameters for an equal-power-division-ratio bandpass filtering coupler-i.e., |S 21 | = |S 31 | = 3 dB-with three symmetrically-allocated passbands at normalized frequencies ω/ω 0 : 0.9, 1, and 1.1. Fig. 3(b) plots the phases of its output signals for two different sets of couplings. As can be seen, the coupling signs affect the phase of the output signals but not the magnitude of their S-parameters. Note that |S 41 | is also plotted at this figure but it is not visible as it is theoretically infinite. The reconfiguration capabilities of the multi-band bandpass filtering coupler are depicted in Fig. 4 for different values of ω K /ω 0 and Z R1 . It can be observed that the passbands can be symmetrically (black trace) or asymmetrically (red trace) located around the center frequency (ω 0 ) by modifying the natural frequencies of the resonators. In addition, the control of the number of active bands is feasible through their merging -that creates a single wider band-that can be set between K (3 in this case) and 1 (green trace). Furthermore, bandwidth symmetry (equal Z R ) or asymmetry (unequal Z R ) can obtained by altering Z RK .
The operational principles of the multi-bandstop RF filtering coupler are shown in Fig. 5 for an example case of a dual-notch coupler whose passband regions exhibit unequal power-division ratio (3:1) and in-phase output signals. As can be seen, two notches are incorporated within the coupler outputs which can be either set symmetrically or asymmetrically around the design frequency ω 0 . In addition, they can be independently tuned as shown in the example cases of Fig. 5(b) and (c). Moreover, although not shown here, more bands can be added by incorporating more R K s in the multi-resonant module. Note also that, like in the multi-passband case, asymmetrical bandwidths can be synthesized by assigning different Z RK s.
III. EXPERIMENTAL VALIDATION
For practical-validation purposes of the devised multiband/multi-functional RF circuit concept, a dual-band (i.e., K = 2) bandpass filtering coupler with equal power-division ratio and a dual-band bandstop coupler with unequal power-division ratio (5 dB) were designed and experimentally tested for a frequency range of 1.3-1.8 GHz. These microstrip prototypes were built on a Rogers RO 4003C dielectric substrate with dielectric permittivity ε r = 3.55, dielectric thickness H = 1.52 mm, dielectric loss tangent tan(δ D ) = 0.0027, and 35-µm-thick Cu-cladding. All impedance inverters were implemented with microstrip-type transmission lines that are 90 • /270 • -long at the design frequency of 1.5 GHz for the positive/negative couplings, respectively. Furthermore, the tunable resonators were realized through 180 • -longat-1.5-GHz capacitively-loaded lines. The RF design was performed with the Advanced Design System (ADS) software from Keysight technologies. Tuning was accomplished through mechanically-adjustable capacitors that feature variable capacitance between 1 pF and 5 pF.
The manufactured prototype of the dual-band bandpass filtering coupler is shown in Fig. 6 . Its RF performance was characterized in terms of S-parameters and is depicted in Fig. 7 for one example dual-band state. The measured center frequencies, 3-dB absolute bandwidths, and minimum insertion-loss levels for the lower and the upper bands were, respectively, 1.33 GHz and 1.55 GHz, 55 MHz and 62 MHz (i.e., 4.1% and 4% in relative terms), and 2.5 dB and 2.6 dB. Its measured reconfiguration capabilities are shown in Fig. 8 . In particular, Fig. 8(a) demonstrates tuning of the lower band whereas the upper band is set fixed at 1.7 GHz. Independent tuning of the upper band is verified in Fig. 8(b) with the lower band being static at 1.45 GHz. Lastly, Fig. 8(c) demonstrates the ability to control the number of active bands through their spectral merging that results in a single and broader frequency-tunable band.
The experimental prototype that was built for validating the multi-band bandstop filtering coupler concept is shown in Fig. 9 . Its RF performance is summarized in Figs 10-12 . In particular, Fig. 10 shows the electromagnetically-(EM)-simulated and RF-measured responses for one example dual-notch state in terms of the magnitude of its S-parameters VOLUME 6, 2018 and their corresponding phase responses for in-phase outputs (black couplings in Fig. 1 ). The stopbands are set to 1.4 GHz and 1.6 GHz and exhibit a maximum attenuation >35 dB. As can be seen, simulations and measurements are in fairly-close agreement successfully validating the multi-band bandstop filter concept. The measured and EM-simulated S-parameters for the same static state are plotted in Fig. 11 considering port 3 as input and ports 4 and 1 as outputs. This is equivalent to the circuit schematic in Fig. 1 (input signal at port 1 and outputs at ports 2 and 3) but with the coupling signs noted in red-i.e., out-of-phase outputs-, which proves the expected behavior of 180 • -difference output-port signals. The reconfiguration capabilities of the dual-notch coupler are shown in Fig. 12 . In particular, Fig. 12(a) demonstrates tuning of the lower band in the spectral interval 1.35-1.45 GHz while the upper band remains constant at 1.6 GHz. Fig. 12(b) shows independent control of the upper band from 1.55 GHz to 1.65 GHz while the lower band remains static at 1.4 GHz. Lastly, Fig. 12(c) depicts the ability to control the number of active notched bands by merging the two bands into a broader one and tuning its center frequency in the range 1.4-1.7 GHz. Note that, although a finite number of states is plotted for both filtering couplers, they can be continuously tuned within their tuning ranges. This successfully validates the RF co-designed principles for the proposed multi-band bandpass/bandstop RF filtering coupler approach.
IV. CONCLUSION
A novel class of reconfigurable multi-band bandpass and bandstop RF filtering couplers has been presented. They are based on multi-band bandpass-and bandstop-type multiresonant sections that allow the realization of passbands and stopbands that can be symmetrically/asymmetrically allocated in frequency and in bandwidth. Furthermore, they enable the design of passband ranges with arbitrary power-division ratio and in-phase/out-of-phase output signals. They can also be scaled to arbitrary number of bands that can be tuned in frequency and in number by spectrally merging them to create wider bands. The proposed multifunctional RF circuit concept has been experimentally validated through two 1-3-1.8-GHz reconfigurable microstrip prototypes consisting of dual-band bandpass and bandstop filtering couplers.
